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Abstract 8 
Gasification of coal is a well-known technology used to convert solid coal into gas 9 
(syngas). The implementation of gasification for waste and biomass still requires attention 10 
due to the difference in nature of biomass compared to coal. Although, modification to a 11 
gasifier is one of the main approaches to achieve high quality syngas production (high 12 
H2/CO ratio) and to eliminate tar formation, the effect of design of the gasifier has not 13 
been studied. Downdraft gasifiers are reported to produce relatively high quality syngas 14 
with low tar concentration compared to other designs. Therefore, in this study a 20 cm 15 
diameter throat downdraft gasifier was numerically optimised using Computational Fluid 16 
Dynamics modelling. The effect of throat diameter and the position of the air inlet nozzles 17 
above the throat on the properties of the gas and the temperature profile in the gasifier 18 
was systematically investigated and validated using experimental data. The throat 19 
diameter and the position of the air inlet nozzles had a significant effect on the properties 20 
of the gas and temperature profile. The modelling and experimental results agreed very 21 
well with less than 5% deviation. This confirms that the numerical approaches are valid 22 
and can be used in scaling up biomass gasification, reducing process development time 23 
from laboratory scales to pilot/industrial scales. The maximum concentration of H2 24 
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(31.2%mol) and highest H2/CO ratio (1.25) was found at a ratio of throat diameter to 25 
gasifier diameter of 0.40 and the position of the air inlet nozzles at 10 cm above the throat. 26 
Keywords: CFD model; Biomass gasification; Throat downdraft gasifier; Syngas 27 
1. Introduction 28 
Global primary energy demand is expected to increase by 48% by 2040 due to the rapid 29 
growth of population, urbanization and economic activity [1]. The majority of energy 30 
supply is currently reliant on conventional energy resources such as coal (21%), 31 
petroleum (28%) and natural gas (32%) [2], which have negative environmental impacts 32 
i.e. greenhouse gas (CO2) emissions, air pollution (SOx, NOx, particulates and toxic 33 
metals and other impurities) and land contamination [3]. Although, alternative energy 34 
sources (e.g. solar, hydro power, biomass, wind, geothermal and nuclear power) have 35 
been sought to reduce the dependency upon fossil fuels and reduce the environmental 36 
impact, the versatility of biomass makes it most attractive as it can be used to produce not 37 
only heat and electricity but also, chemicals and fuels for the transportation sector [4] 38 
(Figure 1). Biomass used for energy production is mostly from wood and waste wood 39 
(41%), followed by agriculture residues (24%), municipal solid waste (20%) with a small 40 
portion of energy crops (15%) [5]. 41 
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 43 
Figure 1: Biomass to bioenergy conversion pathways (adapted from Sharma et al. [6]) 44 
Gasification is a partial oxidation process to convert carbonaceous substances into a 45 
mixture of mainly H2 and CO (synthetic gas or syngas), with small amounts of CH4, CO2, 46 
N2, char, ash, tar, oils in a temperature range of 973-1773 K [7]. The proportion of 47 
components in the syngas product is strongly influenced by the type of gasifier and its 48 
operating conditions such as choice of gasifying agent (O2, CO2, air or steam), 49 
equivalence ratio of gasifying agent to feedstock and properties of the feedstock. Fixed-50 
bed gasifiers are the most common technology for small and medium scale biomass 51 
gasification due to their simplicity and low investment costs compared to fluidized bed 52 
and entrained flow gasifiers [8-10]. A downdraft gasifier is preferable in this study 53 
because it is known to produce high quality syngas, with low tar content (0.015–3 g/Nm3) 54 
in the gas stream compared to that in an updraft gasifier (30-150 g/Nm3) [11]. Tar is a 55 
complex mixture of condensable organic compounds from the products of gasification 56 
containing primarily aromatic hydrocarbons [12-14]. The tar content influences 57 
performance of the gasification system, the quality of the product gas and creates 58 
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operational difficulties for the downstream process (e.g. corrosion, clogging and fouling 59 
of installations) [15, 16]. 60 
Computational Fluid Dynamics (CFD) modelling has previously been used to predict the 61 
behaviour of biomass gasification to optimize operating conditions of an existing gasifier 62 
[17-29]. In general, only a few aspects of the gasifier design have been investigated in 63 
any one study. For instance, some CFD studies only focused on the effect of either (i) the 64 
number and angle of nozzles [17, 30, 31] or throat angle and nozzle inclination [32-34] 65 
on the performance of a throat downdraft gasifier. Very few workers have applied CFD 66 
models for studying interactions between various design aspects of a gasifier and 67 
operating conditions to propose a proper configuration of a throat downdraft gasifier for 68 
high quality of syngas production. In this study, the effect of the ratio of throat to gasifier 69 
body diameter and the position of the air inlet nozzles above the throat were numerically 70 
investigated using CFD, ANSYS FLUENT 16.1.  It is essential to examine interactions 71 
between zones in the gasifier and inlet of a gasifying agent as these determine the quality 72 
of product gas. Furthermore, the synergetic effects of gasifier design and operating 73 
conditions in a throat downdraft gasifier should be investigated to provide a correlation 74 
between operating window and the design of a downdraft gasifier for biomass 75 
gasification. Either an Eulerian-Eulerian or Eulerian-Lagrange approach could be used to 76 
resolve gas and solid phases together with the conservation equations (momentum, mass 77 
and energy) and the standard k-ε turbulence model for the gas phase. The Eulerian-78 
Lagrange approach can track individual particles inside the system so it is suitable to 79 
study particle size distributions, interactions of particles, mass and heat transfer between 80 
particles, and transient forces acting at the particle level [35, 36], therefore it is more 81 
suitable for the modelling of fluidized bed gasifiers. The main disadvantage of the 82 
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Eulerian-Lagrange approach is it is very computationally time intensive when tracking a 83 
large number of particle collisions coupled with chemical reactions [37].  In contrast, the 84 
Eulerian-Eulerian approach assumes both gas and solid as a second continuous phase and 85 
has been proven to effectively model for fixed-bed gasifiers [38-40] in order to predict 86 
the macroscopic characteristics of a given system with low computational time. As this 87 
study mainly focused on the gas phase for syngas production from a throat downdraft 88 
gasifier instead of characterising the particles inside the gasifier, the modified Eulerian-89 
Eulerian approach was chosen.  The modelling was then validated using experimental 90 
data available in literature.  91 
2. Numerical model of a throat downdraft gasifier 92 
2.1 Geometry and mesh construction 93 
A 3D model and the volume discretization of a 20 cm diameter and 55 cm long throat 94 
downdraft gasifier (Figure 2a) was created and meshed using DesignModeler (Figure 2b). 95 
The height of pyrolysis, oxidation and reduction zones were estimated at 15 cm, 10 cm 96 
and 30 cm respectively. Throat diameters of 5, 6, 8 and 10 cm were varied to obtain ratios 97 
of throat to gasifier diameter of 0.25-0.50, with varying positions of the air inlet nozzles 98 
above the throat of 8, 10 or 12 cm with the purpose of isolating the effect of both design 99 
parameters on the gas properties i.e. concentration and temperature profile. A mesh 100 
independence study was carried out at various node and cells counts and the model was 101 
built at the conditions where the solutions converged (Figure 2b). 102 
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(a) 104 
 105 
(b) 106 
Figure 2: (a) Configuration of the throat downdraft gasifier; (b) Mesh model of the throat 107 
downdraft gasifier. 108 
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2.2 Computational model 109 
Computational Fluid Dynamic (CFD) software, ANSYS FLUENT 16.1 was used for 110 
numerical simulation in this study. The main objective of the CFD analysis was to obtain 111 
accurate and reliable modelling results in a reasonable computational time to enable 112 
design optimisation. The species transport solution is solved by using the pressure based 113 
solver under gravitational acceleration. The Eulerian-Eulerian approach was used to solve 114 
transport phenomena, with the conservation of momentum, mass and energy equations. 115 
The standard k-ε model was used to capture the turbulence flow of the gas phase inside 116 
the gasifier with the standard wall functions. The SIMPLE algorithm scheme was used to 117 
solve the pressure-velocity coupling and the standard scheme was chosen for the pressure 118 
discretization. The second order upwind scheme was implemented after grid 119 
independence studies were completed to obtain accurate results for other calculated 120 
variables. 121 
2.2.1 Model assumptions 122 
To simplify the simulation of a throat downdraft gasifier, the following assumptions were 123 
made: 124 
• Atmospheric pressure. 125 
• The gasifier was operated under steady state conditions. 126 
• No heat loss through the vessel wall. 127 
• No-slip boundary condition at the wall of the gasifier. The wall was assumed to 128 
be insulated and the heat flux at the wall was neglected. 129 
• The wood feed rate was 1 kghr-1 at a temperature of 400 K with the moisture 130 
content less than 10 %wt. The drying zone was not included in the gasifier 131 
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configuration but it was assumed that the feedstock would achieve moisture 132 
content <10 %wt when it reached the pyrolysis zone. 133 
• The gasifying agent (air) was introduced through nozzles at 350 K 134 
• The ratio of the actual air/fuel to the stoichiometric air/fuel (ER ratio) was fixed 135 
at 0.25. 136 
2.2.2 Governing equations 137 
2.2.2.1 The momentum conservation equation 138 
The momentum equation based on the Newton’s laws of motion, relates the sum of the 139 
forces acting on a fluid element to its acceleration which is the rate of change of 140 
momentum in the direction of the resultant force. The momentum conservation equation 141 
can be written in the following form: 142 
𝜕𝜕
𝜕𝜕𝜕𝜕
 (𝜌𝜌?⃗?𝑣) + ∇ . (𝜌𝜌?⃗?𝑣?⃗?𝑣) =  −∇𝑝𝑝 +  ∇. (𝜏𝜏) +  𝜌𝜌?⃗?𝑔 + ?⃗?𝐹                                                          (2.1) 143 
where 𝜌𝜌 is the static pressure, 𝜌𝜌?⃗?𝑔 and ?⃗?𝐹 are the gravitational body force and external body 144 
force respectively. The stress tensor 𝜏𝜏 in Equation 2.1 is defined by: 145 
𝜏𝜏 =  𝜇𝜇 �(∇ ?⃗?𝑣 +  ∇?⃗?𝑣𝑇𝑇) −  2
3
∇. ?⃗?𝑣𝐼𝐼 �                                                                                       (2.2) 146 
where I is the unity matrix and ?⃗?𝑣𝑇𝑇 is the transpose of ?⃗?𝑣 147 
2.2.2.2 The mass conservation equation 148 
The general form of the mass conservation equation, known as the continuity equation is 149 
written as follows: 150 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
+ ∇. (𝜌𝜌?⃗?𝑣) =  𝑆𝑆𝑚𝑚                                                                                                           (2.3) 151 
where 𝑆𝑆𝑚𝑚 is the mass added to the continuous phase from the dispersed second phase. 152 
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2.2.2.3 The energy conservation equation 153 
The energy conservation is based on the first law of thermodynamics, the internal energy 154 
gained by a system must be equal to the heat absorbed by the system minus work done 155 
by the system. It can be written in the general form as follows: 156 
𝜕𝜕
𝜕𝜕𝜕𝜕
 (𝜌𝜌𝜌𝜌) +  ∇. �?⃗?𝑣 (𝜌𝜌𝜌𝜌 + 𝑝𝑝)� =  ∇ . �𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒∇𝑇𝑇 −  ∑ ℎ𝑗𝑗𝐽𝐽𝑗𝑗 +  (𝜏𝜏 . ?⃗?𝑣)𝑁𝑁𝑗𝑗=1 � + 𝑆𝑆ℎ                      (2.4) 157 
where 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 is the effective thermal conductivity (k + kt, where kt is the turbulent thermal 158 
conductivity). The first three terms of the right hand side of the Equation 2.4 represent 159 
heat flux due to the conduction according to Fourier’s law of conduction, species 160 
diffusion and viscous dissipation due to normal shear stresses respectively. The total 161 
energy E in Equation 2.4 can be defined by: 162 
𝜌𝜌 = ℎ −  𝑝𝑝
𝜕𝜕
+  𝑣𝑣2
2
                                                                                                                (2.5) 163 
where the enthalpy is defined as: 164 
ℎ =  ∑ 𝑌𝑌𝑗𝑗ℎ𝑗𝑗𝑁𝑁𝑗𝑗=1                                                                                                                    (2.6) 165 
with 𝑌𝑌𝑗𝑗 being the mass fraction of species j and  166 
ℎ𝑗𝑗 =  ∫ 𝑐𝑐𝑝𝑝,𝑗𝑗  𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟                                                                                                              (2.7) 167 
where the value used for Tref in the sensible enthalpy for the pressure-based solver is 168 
298.15 K 169 
2.2.2.4 Transport equation for standard k-epsilon 170 
The standard k-ε model is one of the most used turbulence models in Computational Fluid 171 
Dynamics due to its robustness and reasonable accuracy for a wide range of flows. The 172 
k-ε model is a semi empirical model based on transport equations for turbulent kinetic 173 
energy k and its dissipation rate ε. In the derivation of the model it is assumed that the 174 
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flow is fully turbulent and the effects of molecular viscosity are negligible. The transport 175 
equations for turbulent kinetic energy and its dissipation rate are defined as follow: 176 
𝜕𝜕
𝜕𝜕𝜕𝜕
 (𝜌𝜌𝑘𝑘) + ∂
∂𝑥𝑥𝑖𝑖
 (𝜌𝜌𝑘𝑘𝑢𝑢𝑖𝑖) =  𝜕𝜕𝜕𝜕𝑥𝑥𝑗𝑗  ��𝜇𝜇 +  𝜇𝜇𝑡𝑡𝜎𝜎𝑘𝑘� 𝜕𝜕𝜕𝜕𝜕𝜕𝑥𝑥𝑗𝑗� + 𝐺𝐺𝜕𝜕 + 𝐺𝐺𝑏𝑏 −  𝜌𝜌ε −  𝑌𝑌𝑚𝑚 +  𝑆𝑆𝜕𝜕                  (2.8) 177 
𝜕𝜕
𝜕𝜕𝜕𝜕
 (𝜌𝜌ε) +  ∂
∂𝑥𝑥𝑖𝑖
 (𝜌𝜌ε𝑢𝑢𝑖𝑖) =  𝜕𝜕𝜕𝜕𝑥𝑥𝑗𝑗  ��𝜇𝜇 +  𝜇𝜇𝑡𝑡𝜎𝜎ε� 𝜕𝜕ε𝜕𝜕𝑥𝑥𝑗𝑗� + 𝐶𝐶1ε ε𝜕𝜕 (𝐺𝐺𝜕𝜕 + 𝐶𝐶3ε𝐺𝐺𝑏𝑏) −  𝐶𝐶2ε𝜌𝜌 ε2𝜕𝜕 +  𝑆𝑆ε(2.9) 178 
where 𝑆𝑆𝜕𝜕 and 𝑆𝑆ε are the source terms for k and ε respectively and 𝐺𝐺𝜕𝜕 is the term for the 179 
production of turbulent kinetic energy due to the mean velocity gradient and the Reynolds 180 
stress is defined as: 181 
𝐺𝐺𝜕𝜕 =  −𝜌𝜌𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′ ������  𝜕𝜕𝑢𝑢𝑗𝑗𝜕𝜕𝑥𝑥𝑖𝑖                                                                                                             (2.10) 182 
𝐺𝐺𝑏𝑏 represents the generation of turbulent kinetic energy that arises due to buoyancy and 183 
is defined as follows: 184 
𝐺𝐺𝑏𝑏 =  𝛽𝛽𝑔𝑔𝑖𝑖 𝜇𝜇𝑡𝑡𝑃𝑃𝑃𝑃𝑡𝑡  𝜕𝜕𝑇𝑇𝜕𝜕𝑥𝑥𝑖𝑖                                                                                                               (2.11) 185 
𝑌𝑌𝑀𝑀 represents the contribution of the fluctuating dilatation in compressible turbulence to 186 
the overall dissipation rate and is defined as: 187 
𝑌𝑌𝑀𝑀 = 2𝜌𝜌𝜌𝜌𝑀𝑀𝜕𝜕2                                                                                                                     (2.12) 188 
The turbulent viscosity (𝜇𝜇𝜕𝜕) is computed by combining the local values of turbulent 189 
kinetic energy (k) and dissipation rate (𝜌𝜌) at each point by: 190 
𝜇𝜇𝜕𝜕 =  𝜌𝜌𝐶𝐶𝜇𝜇 𝜕𝜕2𝜀𝜀                                                                                                                       (2.13) 191 
The values of 𝐶𝐶1ε, 𝐶𝐶2ε, 𝐶𝐶𝜇𝜇, 𝜎𝜎𝜕𝜕 and 𝜎𝜎ε in Equations 2.8 and 2.9 are constants and their 192 
values for the standard k-ε model are follows: 193 
𝐶𝐶1ε = 1.44, 𝐶𝐶2ε = 1.92, 𝐶𝐶𝜇𝜇 = 0.09, 𝜎𝜎𝜕𝜕 = 1.00 and 𝜎𝜎ε = 1.30 194 
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2.2.3 Reactions model 195 
2.2.3.1 The pyrolysis zone 196 
Pyrolysis is the thermochemical decomposition of feedstock to condensable and non-197 
condensable gases and char, in the absence of oxygen/air at a temperature range of 473- 198 
773 K [41]. The overall pyrolysis decomposition can be described in Figure 3 below. 199 
 200 
Figure 3: Reaction pathways in the pyrolysis stage (adapted from Fernando and Narayan 201 
[42]) 202 
There is limited kinetic reaction data available in the literature to represent the exact 203 
mechanisms of the pyrolysis process (Figure 3). This is mainly due to the large number 204 
of possible reactions occurring in the pyrolysis zone of which can generate tars. Tars are 205 
a complex mixture of condensable hydrocarbons containing single, multiple ring aromatic 206 
compounds with and without complex polycyclic aromatic hydrocarbons (PAHs) [43-207 
45]. A simple one-step global reaction model has been widely accepted to model the 208 
pyrolysis processes reactions developed by Di Blasi [46, 47] and Fernando et al. [48]. 209 
This model assumes that all the volatiles and tar compounds in the pyrolysis stage are 210 
instantaneously decomposed further into CO, CO2, CH4, H2 and H2O compounds to 211 
simplify the model. Kinetic parameters for pyrolysis e.g. pre-exponential and activation 212 
energy was 1.00 × 108 s-1 and 140 kJmol-1 respectively [19, 49]. 213 
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2.2.3.2 The oxidation zone 214 
The oxidation zone is where the reactions between char from the pyrolysis stage and the 215 
gasifying agent (O2, CO2, air or steam) occur at a temperature between 1373-1773 K to 216 
generate most of the CO, H2O and CO2 [50]. Three main reactions in the oxidation zone 217 
are considered with their kinetic reaction rate parameters that were used in the model 218 
listed in Table 1. 219 
 C + O2 → CO2 (∆H = −394 kJkmol−1)                                                                   (R-1) 220  C + 1
2
O2 → CO (∆H = −110 kJkmol−1)                                                                  (R-2) 221 H2 + 12 O2 → H2O (∆H = −242 kJkmol−1)                                                               (R-3) 222 
2.3.2.3 The reduction zone 223 
In this zone the remaining residues and gaseous products from the pyrolysis and oxidation 224 
zones are converted into non-condensable gases (H2, CO, CO2, CH4) in a temperature 225 
range of 973-1273 K including both heterogeneous and homogeneous reactions [7, 8]. 226 
Five reactions are considered in the reduction zone as follows and the kinetic reaction rate 227 
parameters used in the model are listed in Table 1. 228 C + CO2 → 2CO (∆H = +172 kJkmol−1)   (Boudouard reaction)                            (R-4) 229 C + H2O → CO + H2 (∆H = +131 kJkmol−1) (steam reforming reaction)            (R-5) 230 C + 2H2 → CH4 (∆H = −74.8 kJkmol−1)   (hydrogenation reaction)                      (R-6) 231 CH4 + H2O → CO +  3H2 (∆H = +206 kJkmol−1)   (steam reforming reaction)   (R-7) 232 CO + H2O → CO2  +  H2 (∆H = − 41.2 kJkmol−1)   (water-gas shift reaction)       (R-8) 233 
2.2.4 Boundary conditions and solution methods 234 
It was assumed that waste wood was fed from the top of the gasifier at a constant rate of 235 
1 kghr-1 at a temperature of 400 K (Figure 2). The model assumed that the waste wood 236 
passed through the drying zone, which was separated from the configuration of the 237 
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downdraft gasifier setup in Figure 2.  The assumption is accepted as in reality feedstock 238 
must be dried to a certain moisture content before feeding into a gasifier. The 239 
physiochemical characteristics of the wood were experimentally determined and the 240 
kinetic parameters in the gasification process were adapted from literature values. The 241 
gasifying agent (air) was preheated to 350 K and then introduced into the gasifier through 242 
four inlet nozzles, which are located at the middle part of the gasifier (Figure 2a) at a 243 
fixed ratio of the actual air/fuel to the stoichiometric air/fuel (ER ratio) of 0.25. The 244 
numerical methods and boundary conditions used in this model are shown in Table 1. 245 
Table 1: Parameters used for modelling a throat downdraft gasifier 246 
Properties of wood 
Proximate analysis Values (%wt, dry basis) 
Volatile matter 84.12 
Fixed carbon 15.37 
Ash 0.51 
Ultimate analysis Values (%wt, dry basis) 
C 41.80 
H 6.39 
O 51.50 
N 0.32 
Low heating value (MJkg-1) 15.27 
High heating value (MJkg-1) 17.69 
The empirical formula of wood C6.00H10.50O5.00N0.05 
Kinetic reaction rates occurred in gasification process [19]  
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Reaction 
Pre-
exponential 
factor (s-1) 
Activation 
energy  
(kJmol-1) 
Biomass → Char + ash + volatiles (H2, CO, CH4, CO2, H2O) 
 
1.00 × 108  
 
 
1.40 × 102 
 C + O2 → CO2 5.67 × 109 1.60 × 102 
C + 12 O2 → CO 7.92 × 104 2.18 × 102 H2 + 12 O2 → H2O 3.53 × 108 3.05 × 101 C + CO2 → 2CO 5.89 × 102 2.23 × 102 C + H2O → CO + H2 5.71 6.58 × 101 C + 2H2 → CH4 1.00 × 1011 4.20 × 101 CH4 + H2O → CO +  3H2 7.30 × 101 3.62 × 101 CO + H2O → CO2  +  H2 3.00 × 10-2 6.58 × 101 
Boundary conditions 
Zone Boundary type Value 
Temperature 
(K) 
Air inlet Velocity inlet 1.73 ms-1 350 
Biomass inlet Mass flow inlet 2.77 × 10-4 kgs-1 400 
Gas outlet Pressure outlet 0 Pa 700 
Symmetry Symmetry - - 
Gasifier wall Wall 0 Wm-2 - 
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Solution methods  
Pressure-Velocity Coupling SIMPLE 
Gradient Least Squares Cell Based 
Pressure Standard 
All other parameters Second Order Upwind 
Solution Controls  
Under-Relaxation Factors  
Pressure 0.3 
Density 1 
Body Forces 1 
Momentum 0.7 
Turbulent Kinetic Energy 0.8 
Turbulent Dissipation Rate 0.8 
Turbulent Viscosity 1 
Energy 1 
Temperature 1 
Mean Mixture Fraction 1 
Mixture Fraction Variance 0.9 
Discrete Phase Sources 0.5 
Solution Initialization  
Initialization Method Hybrid Initialization 
Run Calculation  
Number of Iterations 1500 
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3. Results and discussion 247 
3.1 Effect of throat to gasifier diameter: modelling results and validation 248 
3.1.1 Syngas composition 249 
The formation of syngas in the throat downdraft gasifier with a throat diameter 5, 6, 8 and 250 
10 cm (or ratios of throat to gasifier diameter of 0.25-0.50) at a fixed position of the air 251 
inlet nozzles at 10 cm above the throat is illustrated in Figure 4. The results showed that 252 
the throat diameter had a significant impact on the formation of syngas across the throat 253 
downdraft gasifier. The H2 and CO formation was high in the reduction zone (28-31%mol 254 
H2 and 25-32%mol CO) compared to that in pyrolysis and oxidation zones. This is due to 255 
the Boudouard (R-4), water gas (R-5) and steam-reforming (R-7) reactions occurring in 256 
this zone. The CO2 concentration was low in the pyrolysis zone (5-11%mol) but increased 257 
to 21-27%mol in the oxidation zone. This increase is due to the combustion of volatiles 258 
and char (R-1) and others. A decrease in CO2 in the reduction zone to ~14%mol could be 259 
due to the Boudouard reaction (R-4). The CH4 concentration was maximised in the 260 
pyrolysis zone at 17-18%mol and further reduced in the oxidation and reductions zones 261 
to 3-5%mol, due to the steam-reforming reaction (R-7).  262 
A uniform formation of syngas across the throat downdraft gasifier was observed at a 263 
ratio of throat diameter to gasifier diameter of 0.40 (Figure 4c). This is due to a good 264 
proportion of the ratio of throat diameter to gasifier diameter and the air velocity inlet, 265 
resulting in well-mixed volatiles and gasifying agent (air) which produced uniform 266 
concentration of product gas across the throat downdraft gasifier. This sizing of the 267 
gasifier also enhanced temperature uniformity in the oxidation zone (Figure 6c). High and 268 
uniform temperature (1800-2000 K) in the oxidation zone could eliminate the tar 269 
formation in the gas stream to achieve high quality of syngas production. The main syngas 270 
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composition generated under the various designs at a fixed position of the air inlet nozzles 271 
at 10 cm above the throat is illustrated in Table 2. 272 
 273 
Figure 4: Gas profiles at a ratio of throat to gasifier diameter of (a) 0.25; (b) 0.30; (c) 0.40 274 
and (d) 0.50 at a fixed position of the air inlet nozzles at 10 cm above the throat 275 
Table 2: Modelling gas composition at the outlet over various throat diameters at a fixed 276 
position of the air inlet nozzles at 10 cm above the throat 277 
Syngas 
composition 
(%mol)  
Throat diameter, cm (ratio of throat to gasifier diameter) 
5 
(0.25) 
6 
(0.30) 
8 
(0.40) 
10 
(0.50) 
H2  29.49 28.79 31.23 28.58 
CO  32.06 27.04 24.99 25.92 
CO2  14.41 14.47 14.38 14.28 
CH4  5.92 4.67 3.20 3.41 
 278 
As shown in Table 2, the throat diameter had a considerable effect on the H2/CO ratio and 279 
CH4 concentration, but little influence on the CO2 concentration in the syngas. The H2 280 
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concentration at the outlet (31.2%mol) maximised at a ratio of throat to gasifier diameter 281 
of 0.40 and decreased when increasing the ratio of throat to gasifier diameter. The 282 
concentration of CO2 remained almost constant around 14.4%mol with all tested throat 283 
to gasifier diameter ratios. However, CH4 concentration decreased from 5.90%mol to 284 
3.41%mol when increasing the ratio of throat to gasifier diameter from 0.25 to 0.50. The 285 
uniform temperature across the throat downdraft gasifier (Figure 6), favours the products 286 
of endothermic reactions, i.e. the Boudouard (R-4), water gas (R-5) and steam-reforming 287 
(R-7) reactions, resulting in an increased concentration of H2 and CO. Moreover, an 288 
increase in the steam-reforming reaction (R-7) also resulted in a decrease of CH4 289 
concentration in the gas stream. The gas concentrations obtained from this study (Table 290 
2) were slightly higher than other modelling studies [21, 24, 32, 51-53]. Previous 291 
modelling studied showed that the syngas composition generated from the throat 292 
downdraft gasifier are in the range of 13-25%mol H2, 18-38%mol CO, 8-11%mol CO2 293 
and 1-3%mol of CH4. The differences were due to the assumptions, kinetic parameters, 294 
properties of feedstock and/or gasifier design.  295 
Comparing to experimental data of a small scale throat downdraft gasifier [21, 29, 54, 55] 296 
(the designs and operating parameters were shown in Table 3), the trends of syngas 297 
composition and temperature profile was similar. As shown in Figure 5, the ratio of 298 
H2/CO increased from 0.56 to 0.86 when increasing the ratio of throat to gasifier diameter 299 
from 0.25 to 0.41 and then decreased with a further increase in the ratio of throat to 300 
gasifier diameter to 0.65 at 0.45. A similar trend was also observed with CO2 301 
concentration. A reduction in the concentration of CH4 was observed when increasing the 302 
ratio of throat to gasifier diameter. The gas composition obtained from the modelling 303 
results of this study (Table 2) and experimental data shows the same trends with 304 
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approximately 4.62% difference across the range. It is also noted that the concentration 305 
of syngas from this study was slightly higher than that obtained from experimental data. 306 
This is because (i) the simulation model assumed that all the volatiles and tar compounds 307 
in the pyrolysis zone were instantaneously decomposed into CO, CO2, CH4, H2 and H2O 308 
compounds, (ii) the simulation model leads to more effective gasification reactions, in 309 
terms of kinetic reaction rates compared to experimental, (iii) the equivalence ratio (ER) 310 
and the composition of biomass feedstock were used and (iv) no heat loss in the system 311 
was assumed, resulting in an increased proportion of components in the syngas product. 312 
Table 3: The experimental designs and operating parameters of a throat downdraft 313 
gasifier 314 
 
Zainal 
et al. [29] 
Chawdhury and 
Mahkamov [54] 
Duleeka  
et al. [55] 
Ozgun  
and Mehmet  
[21] 
Fuel and 
composition 
(%wt, dry 
basis) 
Wood chip: 
(47.3% C; 
5.8% H; 
46.1% O; 
0.8% N) 
Wood chip: 
(54.0% C; 
6.0% H; 
43.0% O) 
Wood stick: 
(48.6% C; 
6.2% H; 
44.87% O; 
0.33% N) 
Wood pellets: 
(50.67% C; 
6.18% H; 
41.15% O; 
2% N) 
Biomass feed 
rate (kghr-1) 
n.a. 3.1 1.0 3.5-4.0 
Particle 
diameter (cm) 
5 3-7 2.5 1 
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Gasifier 
dimensions 
(H/Ø) (cm) 
250/60 91.7/21.9 110/39 55/28 
Throat 
diameter (cm) 
20 8.8 17.5 7 
Throat to 
gasifier ratio 
0.33 0.40 0.45 0.25 
Equivalence 
ratio (ER) 
0.27 0.35 0.36 0.23 
 315 
 316 
Figure 5: Comparison of modelling gas composition obtained from this study and 317 
experimental data derived from literature [21, 29, 54, 55]. 318 
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3.1.2 Temperature profile 319 
The temperature distribution across the throat downdraft gasifier over various throat 320 
diameters of 5, 6, 8 and 10 cm, corresponding to the ratios of throat to gasifier diameter 321 
of 0.25-0.50 at a fixed position of the air inlet nozzles of 10 cm above the throat are 322 
illustrated in Figure 6. It can be observed that between 10 cm and 25 cm, corresponding 323 
to the pyrolysis zone (shown in Figure 2a), the temperature increased from 400 K to 1100 324 
K. This is due to the heat provided by the radiation from the oxidation zone (combustion 325 
of char), which is the hottest part of the throat downdraft gasifier [8, 50, 56]. However, 326 
no significant changes in the temperature distribution in the pyrolysis zone were observed 327 
under any of the tested throat diameters. The oxidation zone occurred at the height of 0 328 
cm to 10 cm in the gasifier (Figure 2a). This is important as this is the region where the 329 
main reactions occur in the throat downdraft gasifier; in consequence the relationship 330 
between throat diameter, gasifier diameter and the position of the air inlet nozzles has an 331 
effect on the temperature distribution and the properties of the syngas. As shown in Figure 332 
6, the high and uniform temperature of 2000 K across the oxidation zone was observed 333 
with a ratio of throat to gasifier diameter of 0.40 (Figure 6c) compared to at a ratio of 0.25 334 
and 0.30 at 1800 K and 0.50 at 1600 K. High and uniform temperature across the 335 
oxidation zone is important to eliminate tar formation in the gas stream [7, 57, 58]. The 336 
reduction zone at distance of 0 cm to -30 cm (Figure 2a), had temperature in the range of 337 
900-1000 K with all tested throat to gasifier diameter ratios. Syngas (H2 and CO) was 338 
produced in this region via the reactions R-4-8.  339 
The trend of modelling temperature distribution in three different zones (pyrolysis, 340 
oxidation and reduction) agreed very well with experimental data derived from the 341 
literature [21, 29, 54, 55]: increasing from pyrolysis zone to oxidation zone and then 342 
22 
 
decreasing gradually. The differences between the modelling temperature in the pyrolysis 343 
and reduction zones and those obtained from experiments was less than 10%. However, 344 
the modelling temperature in the oxidation zone was up 36% higher. This can be due to 345 
(i) the assumption made in the model air was preheated at 350 K before introduction into 346 
the gasifier through four nozzles, (ii) no heat loss in the system, (iii) rates of reactions 347 
occurring in the oxidation zone and (iv) the ratio of the actual air/fuel to the stoichiometric 348 
air/fuel (ER ratio) i.e. at high ER ratio leading to an increase in the gasification 349 
temperature particularly in the oxidation zone [10, 59]. High and uniform temperature 350 
across the throat downdraft gasifier was obtained at a ratio of throat diameter to gasifier 351 
diameter of 0.40. 352 
 353 
Figure 6: Temperature distribution at a ratio of throat to gasifier diameter of (a) 0.25; (b) 354 
0.30; (c) 0.40 and (d) 0.50 at a fixed position of the air inlet nozzles at 10 cm above the 355 
throat 356 
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3.2 Effect of the air inlet nozzles position above the throat: modelling results and 357 
validation 358 
3.2.1 Syngas composition  359 
The formation of the produced gas in a throat downdraft gasifier under various air inlet 360 
nozzles positions located at 8, 10 and 12 cm above the throat at a fixed throat to gasifier 361 
diameter ratio of 0.40 are illustrated in Figure 7. H2 and CO concentrations were 362 
maximised in the reduction zone in the range of 27-31%mol H2 and 23-27%mol CO, via 363 
the Boudouard (R-4), water gas (R-5) and steam-reforming (R-7) reactions. The CO2 364 
concentration was low (6-10%mol) in the pyrolysis zone and maximised at 23-27%mol 365 
in the oxidation zone, due to the combustion of char (R-1) followed by a decrease to 366 
~14%mol after passing through the reduction zone. A similar trend was observed with 367 
the CH4 concentration. As shown in Figure 7, the formation of syngas was more uniform 368 
across the throat downdraft gasifier at the position of the air inlet nozzles at 10 cm (Figure 369 
7b) and 12 cm (Figure 7c) than at 8 cm above the throat (Figure 7a). When the air inlet 370 
nozzles were positioned at 8 cm above the throat, they sat at the beginning of the 371 
inclination of the throat, therefore cold spots may occur resulting in low and non-uniform 372 
temperature with poor mixing of the volatiles, char and gasifying agent (air) in the 373 
oxidation zone. A comparison of the main syngas compositions generated under the 374 
various air inlet nozzles positions above the throat at a fixed throat to gasifier diameter 375 
ratio is illustrated in Table 4. 376 
 377 
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 378 
Figure 7: Gas profiles at the air inlet nozzles position at (a) 8 cm; (b) 10 cm and (c) 12 379 
cm above the throat at a fixed throat to gasifier diameter ratio of 0.40 380 
Table 4: Gas composition at the outlet over various air inlet nozzles positions above the 381 
throat at a fixed throat to gasifier diameter ratio of 0.40 382 
Syngas 
composition 
(%mol) 
Air inlet nozzles position above the throat (cm) 
8 10 12 
H2  27.75 31.23 27.19 
CO  27.59 24.99 23.83 
CO2  14.39 14.38 14.44 
CH4 3.75 3.20 2.59 
It can be observed that the air inlet position had a significant effect on the concentration 383 
of H2, CO and CH4, but no influence on the CO2 concentration. The ratio of H2/CO 384 
increased from 1.01 to 1.25 and decreased to 1.14 when increasing the air inlet nozzles 385 
position above the throat. The concentration of CH4 decreased from 3.75%mol to 386 
2.59%mol, with increase in air inlet position from 8 cm to 12 cm above the throat, while 387 
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the concentration of CO2 remained constant at 14.4%mol with all tested air inlet nozzles 388 
position. These results can be explained because increasing the height of the air inlet 389 
nozzles position above the throat results in a reduction in the length of the pyrolysis zone, 390 
therefore the formation of CH4 in this region was decreased. At the same time, increasing 391 
the length of the reduction zone results in an increase the reaction time (Reactions R-4-392 
8), leading to an increases in concentrations of H2 and CO and a reduction of CH4 393 
concentration. The maximised ratio of H2/CO obtained in this study (Table 4) were in 394 
good agreement with experimental data obtained in a small scale throat downdraft gasifier 395 
at a fixed position of the air inlet nozzles at 10 cm above the throat [60-62]. However, the 396 
experimental results obtained from Wim et al. [63] showed that the ratio of H2/CO was 397 
maximised at the position of the air inlet nozzles at 12.5 cm above the throat for a small 398 
scale throat downdraft gasifier. It is known that the ratio of H2/CO in the syngas has a 399 
significant impact on its utilization i.e. H2/CO ≤ 1 is suitable for heating and power 400 
generation in a small-scale heat engines (< 2MW) while the ratio of H2/CO > 1 can be 401 
used in the production of fuel or for chemical synthesis [64-66]. From Table 4, it can be 402 
concluded that high quality syngas with a high ratio of H2/CO at 1.25 and low 403 
concentrations of CO2 and CH4 in the gas stream was obtained at the position of the air 404 
inlet nozzles at 10 cm above the throat. 405 
3.2.2 Temperature profile 406 
The temperature distribution across the throat downdraft gasifier under various air inlet 407 
nozzles positions located at 8, 10 and 12 cm above the throat at a fixed throat to gasifier 408 
diameter ratio of 0.40 is illustrated in Figure 8. The position of the air inlet nozzles had 409 
no significant effect on the temperature distribution in the pyrolysis and reduction zones. 410 
However, the temperature was more uniform across the oxidation zone at a position of 10 411 
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and 12 cm (Figure 8b and 8c) than 8 cm above the throat (Figure 8a). This is because the 412 
position of the air inlet nozzles at 8 cm above the throat was located at the inclination of 413 
the throat, causing cold spots in the oxidation zone, therefore resulting in low and non-414 
uniform temperature. Low and non-uniform temperature in the oxidation zone (< 1273 415 
K) leads to a considerable amount of large molecular weight species (tar) in the gas stream 416 
[14, 17, 27, 67, 68]. If the rapid released of volatiles from the pyrolysis zone and gasifying 417 
agent are not well-mixed with gasifying agent and the temperature is not high enough for 418 
the cracking of tar compounds, there are difficulties for the downstream process such as 419 
corrosion, clogging and fouling of the installation. [15, 16]. 420 
 421 
Figure 8: Temperature distribution at the air inlet nozzles position at (a) 8 cm; (b) 10 cm 422 
and (c) 12 cm above the throat at a fixed throat to gasifier diameter ratio of 0.40 423 
4. Conclusions 424 
A 20 cm diameter throat downdraft gasifier was designed and numerically optimised 425 
using the Computational Fluid Dynamic (CFD), ANSYS FLUENT 16.1. The produced 426 
gas composition and temperature distribution across the throat downdraft gasifier were 427 
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predicted and validated over various ratios of throat to gasifier diameter of 0.25-0.50 and 428 
the positions of the air inlet nozzles at 8, 10 and 12 cm above the throat. The modelling 429 
results showed that throat to gasifier diameter ratios and the position of the air inlet 430 
nozzles had a significant effect on the syngas formation, properties of gas and temperature 431 
distribution particularly in the oxidation zone. Increasing a ratio of throat to gasifier 432 
diameter decreased CH4 concentration but had no effect on CO2 formation. The highest 433 
concentration of H2 and H2/CO ratio (31.2%mol) at the ratio of H2/CO (1.25) was 434 
obtained at a throat to gasifier diameter ratio of 0.40. Increasing further the ratio of throat 435 
to gasifier diameter caused a reduction in hydrogen or ratio of H2/CO. Increasing the air 436 
inlet position from 8 cm to 10 cm above the throat increased the ratio of H2/CO from 1.01 437 
to 1.25. A further increase in the air inlet nozzle caused a reduction of H2/CO to 1.14. A 438 
31% reduction in the concentration of CH4 was observed when increasing the air inlet 439 
nozzles from 8 cm to 12 cm above the throat. 440 
A very good agreement between experimental and modelling data was observed, with 441 
less than 5% difference. The trend in temperature distribution in the gasifier obtained 442 
from the modelling was also in good agreement with experimental data. High and uniform 443 
temperature across the oxidation zone was also obtained at a throat to gasifier diameter 444 
ratio of 0.40. Therefore, the mathematical approach in this study can be used as a design 445 
and optimisation tools for a throat downdraft biomass gasifier to achieve high quality of 446 
syngas production. It also can be extended to predict the syngas compositions under the 447 
various operating conditions in a fixed throat downdraft gasifier i.e. different types of 448 
biomass feedstock, the equivalence ratio (ER). 449 
 450 
 451 
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